The parasites of the order kinetoplastidae including Leishmania spp. emerge from most ancient phylogenic branches of unicellular eukaryotic lineages. In their life cycle, topoisomerase I plays a significant role in carrying out vital cellular processes. Camptothecin (CPT), an inhibitor of DNA topoisomerase I, induces programmed cell death (PCD) both in the amastigotes and promastigotes form of L. donovani parasites. CPT-induced cellular dysfunction in L. donovani promastigotes is characterized by several cytoplasmic and nuclear features of apoptosis. CPT inhibits cellular respiration that results in mitochondrial hyperpolarization taking place by oligomycin-sensitive F0-F1 ATPase-like protein in leishmanial cells. During the early phase of activation, there is an increase in reactive oxygen species (ROS) inside cells, which causes subsequent elevation in the level of lipid peroxidation and decrease in reducing equivalents like GSH. Endogenous ROS formation and lipid peroxidation cause eventual loss of mitochondrial membrane potential. Furthermore, cytochrome c is released into the cytosol in a manner independent of involvement of CED3/CPP32 group of proteases and unlike mammalian cells it is insensitive to cyclosporin A. These events are followed by activation of both CED3/CPP32 and ICE group of proteases in PCD of Leishmania. Taken together, our study indicates that different biochemical events leading to apoptosis in leishmanial cells provide information that could be exploited to develop newer potential therapeutic targets.
Introduction
DNA topoisomerases are ubiquitous enzymes that catalyse the interconversion of topological isomers of DNA molecules. They act by sequential breakage and reunion of either one strand (topo I) or both the strands of DNA (topo II) and are involved in many vital processes, for example, replication, transcription, recombination, integration and chromosomal segregation. 1 These enzymes are essential not only for the orderly synthesis of nucleic acids but also they are the molecular targets for numerous clinically important antibacterial and antitumour agents like fluoroquinolone, etoposide and camptothecin (CPT), etc. 2, 3 CPT, a class I DNA topoisomerase inhibitor that stabilizes topo I-DNA covalent complex and blocks subsequent rejoining of the DNA break, is an effective antitumour drug. 4 In cultured cells, CPT inhibits both DNA and RNA synthesis, 5 arrests cells in the G2 phase of the cell cycle, 6 stimulates sister chromatid exchanges and chromosomal aberrations, 7 elevates p53 levels, 8 induces multiubiquitination and degradation of topo I 9 and activates signal transduction molecules such as proto-oncogenes and NF-kb. 10 All these activities ultimately lead to apoptosis.
Apoptosis is a programmed cell death (PCD), characterized by a series of distinct morphological and biochemical changes 11 and plays vital roles in normal cell turnover and development in multicellular as well as in unicellular organisms. Both in multicellular and unicellular organisms, the mitochondrion is an important cellular source for the generation of reactive oxygen species (ROS) inside cells, which serve as inducing signals for apoptosis. 12 ROS production during the early phase of apoptosis is regulated by increased synthesis of reducing equivalents like GSH. 13 Also, the permeabilization of mitochondrial membrane causes the release of proapoptotic proteins including cytochrome c cytochrome c from mitochondria in the apoptotic process. Cytochrome c serves as the key regulator of apoptosis because once it is blocked from the intermembrane space, the cell is irreversibly committed to death. In particular, the release of mitochondrial cytochrome c into the cytoplasm is thought to be a critical step in the activation of different caspases like caspases 9 and 3. 16 At this stage, numerous different signalling pathways converge through which multiple downstream substrates are cleaved. The importance of an optimum mitochondrial transmembrane potential (Dc m ) in cell survival has been recognized not only in mammals but also in yeast 17 and in protozoan parasites 18, 19 as well. Leishmania has a digenic life cycle residing as flagellated extracellular promastigotes in the gut of insect vector and as blood stream promastigotes in the mammalian host where they infect macrophages and transform into nonflagellated amastigotes. 20 With the spread of human immunodeficiency virus and general low standards of public hygiene, the Leishmania parasites pose a much greater threat than before, particularly in developing countries. To make the situation even worse some parasite strains also have developed resistance against the classical antimonial drug, like sodium stibogluconate. The second line of drugs, amphotericin B and pentamidine, although used clinically, are very toxic. 21 Therefore, the characterization of cellular events associated with apoptosis or PCD is necessary to find out the cellular targets, which can be exploited in these protozoal cells. It was established earlier that DNA topoisomerases of Leishmania are targets for therapeutic agents. 22 CPT, like other potential antileishmanial agents, has been shown to inhibit type I DNA topoisomerase of Leishmania donovani. 23 However, it is still unclear how the stabilization of topo I-DNA covalent complex and subsequent induction of DNA strand breaks lead to cytotoxicity in leishmanial cells.
In the present study, we characterize the apoptotic pathway induced by CPT in unicellular organism L. donovani, which shares many features common to metazoan apoptosis, such as nuclear condensation, DNA fragmentation and cell shrinkage. We also identify the signals, downstream of topoisomerase I inhibition and upstream of caspase-like protease activation. We show that F0-F1 ATPase-like protein in leishmanial cells is responsible for the hyperpolarization of mitochondrial membrane potential, which precedes the formation of ROS inside cells. Oxidative stress-induced mitochondrial depolarization is an irreversible event in apoptosis-like death in L. donovani promastigotes. Loss of mitochondrial membrane potential causes the release of cytochrome c into the cytosol, which leads to the activation of both ICE and CED3/CPP32 group of proteases inside cells. Our results provide the first insight into the mechanistic pathway of apoptosis in leishmanial cells where mitochondriaand caspase-like proteases play a central role during treatment with CPT.
Results
CPT induces apoptotic cell death but does not induce dyskinetoplastidy L. donovani AG83 promastigotes (2.5 Â 10 6 cells/ml) were incubated with three different concentrations of CPT for 16 h, following which the numbers of live promastigotes were counted by trypan blue exclusion method. After 4 h, 65% growth was inhibited by 5 mM CPT and 95% growth was inhibited after 6 h, which was comparable to the inhibition achieved by 10 mM CPT after 4 h. With 5 mM CPT, a meager 5% parasite population survived after 6 h incubation ( Figure 1A ). Consistent with this result it was observed that after 6 h treatment with 5 mM, CPT growth of L. major, L. tropica and L. amazonensis was inhibited to the extent of 90, 87 and 91%, respectively ( Figure 1B) .
Electron microscopic studies on the ultrastructure of CPTtreated L. donovani promastigotes show that CPT induced certain morphological changes, which were the sign of PCD. The flagellated promastigotes become round shaped with an increase in vacuoles and lipid bodies. Nuclei from control promastigotes displayed a prominent central or slightly eccentrically localized nucleolus, while chromatin was usually distributed peripherally beneath the nuclear membrane ( Figure 1C(a) ). However, in most of the CPT-treated cells condensed, irregular, crescentic or bead-like marginated chromatin and a fragmented nucleus with condensed cytoplasm were observed ( Figure 1C(b) ). These drug-treated cells also lost the specialized membrane structures, but the integrity of the plasma membrane was apparently maintained. At the late stage of apoptosis, the plasma membrane blebs and pinches off to form apoptotic bodies ( Figure 1C(c) ). During apoptosis, a dilation of mitochondrial matrix occurred, leading to the destruction of the internal mitochondrial structure. CPT-treated mitochondria appeared swollen, without the typical cristae structure, but having a well-defined membrane around them. In contrast, when the cells were treated with CPT plus Val-Ala-Asp-fluoromethyl ketone (VAD-fmk), cells displayed condensed chromatin along with nuclear-membrane-like control cells ( Figure  1C(d) ).
Many DNA binding agents, for example, acriflavine and berenil, induce dyskinetoplastidy, a phenomenon where parasitic cells, though having mitochondrial membrane completely lack kDNA. 24 Confocal microscopy of L. donovani AG83 promastigotes treated with CPT shows that CPT is incapable of inducing dyskinetoplastidy ( Figure 1D(a) ). Berenil-treated parasites are mostly dyskinetoplastic ( Figure  1D(b) ), whereas cells grown in media supplemented with 0.2% DMSO are completely healthy ( Figure 1D(c) ).
CPT inhibits oxygen consumption and increases the number of apoptotic cells
Oxygen uptake was measured in the CPT-treated anduntreated cells. L. donovani promastigotes consumes O 2 at a rate of 80710-nmol/min/mg proteins, which remain unchanged up to 6.0 h. The rate of O 2 consumption decreases to 30% of the control value after treatment with CPT for 1 h. After treatment with CPT for 4 h, the respiration is inhibited to the extent of 81% (Figure 2a) . CPT-induced inhibition of oxygen consumption was comparable to the increase in the number of apoptotic cells at different time periods (Figure 2b) , as detected by an increase in the number of annexin V positive and PI negative cells.
Inhibition of oxygen consumption causes the formation of ROS inside cells
When L. donovani promastigotes were treated with CPT, ROS are generated inside cells. The formation of superoxide radicals inside cells is measured by the reduction of NBT to blue formazan by the cell lysates prepared as described in Materials and Methods. The level of superoxide radical in CPT-treated cells remains four-fold higher compared to the levels of control cells throughout the experiments (Figure 3a) . To know whether the reduction of NBT is only due to the formation of superoxide radicals, SOD 25 was added to each The level of hydroxyl radical is increased significantly after treatment of CPT for 1.5 h (Figure 3b ). The generation of hydroxyl radicals in the CPT treated cells is detected by measuring the colour adducts formed due to the interaction of methane sulphinic acid with fast blue BB salt. Methane sulphinic acid is produced inside cells due to the interaction of DMSO and hydroxyl radicals formed by treatment with CPT. When N-acetyl-cysteine (NAC) (20 mM) was added to DMSO (2%)-treated cells before the treatment of CPT, the level of hydroxyl radical is reduced compared to DMSO (2%)-and CPT-treated cells.
Oxidative stress causes depletion of the GSH level and increases the level of lipid peroxidation GSH is an important molecule for protecting kinetoplastids from ROS or toxic compounds, 26 and may induce a loss of DC m . 18 As shown in Figure 4a , CPT causes 45% decrease in GSH level after 1.5 h and the effect is more pronounced after 2.5 h treatment with CPT. When cells were preincubated with NAC (20 mM) for 1 h, followed by treatment with CPT, GSH level tends to become normal.
Lipid peroxidation is assessed by measuring total fluorescent lipid peroxidation products in leishmanial cells after treatment with CPT. CPT treatment leads to an increase in lipid peroxides after 1.5 h of drug treatment and reached saturating level after 3 h. In the presence of the butylated hydroxy toluene (BHT) (20 mM), a specific inhibitor of lipid per oxidation, the level of fluorescent products decreased as observed with treatment of NAC at 20 mM (Figure 4b ).
CPT induces mitochondrial hyperpolarization followed by depolarization
The dissipation of Dc m is a characteristic feature of apoptosis. 27 To determine the changes in the Dc m , we used BD mitosensor reagent, which is a cationic dye that aggregates in the mitochondria of healthy cells. This aggregates fluoresce red at higher potential but at lower involved in the hyperpolarization of the mitochondria, experiments were carried out in the presence of oligomycin (6 mM). It was observed that there is no hyperpolarization even after treatment with CPT to oligomycin-treated cells (Figure 5b ). This is evident from the value of mean green fluorescence intensity as well as from the ratio of fluorescence units (Table 2 ). There is a significant fall (50%) in Dc m within the first 2.5 h treatment with CPT as compared with relative Dc m observed at 0 h. The loss of Dc m is continued to the extent of 73% after 5 h treatment of CPT. The sensitivity of the BD mitosensor reagent to the change in mitochondrial membrane potential was tested by treating leishmanial cells with mitochondrial uncoupling agent carbonyl cyanide m-chlorophenylhydrazone (CCCP) (1 mM). This causes total depolarization of mitochondrial membrane potential. When cells were treated with antioxidants like NAC (20 mM), sodium benzoate (SB) (20 mM) and Mannitol (20 mM) or with lipid peroxidation inhibitor (BHT) at 20 mM before the treatment with CPT, loss of mitochondrial membrane potential is prevented. This was evidenced from the mean green fluorescence intensity that tends to become normal (Figure 5c ), and is also confirmed by the ratio of fluorescence intensity (590 : 530) represented in Table 1 . However, treatment with CED-3/CPP32 group of protease inhibitor (VAD-fmk) prior to the treatment with CPT does not prevent the loss of mitochondrial membrane potential, indicating that this is not responsible for the mitochondrial membrane depolarization ( Table 1) .
Loss of mitochondrial membrane potential causes release of cytochrome c
Disruption of the outer mitochondrial membrane by apoptotic stimuli results in the release of the cytochrome c into the cytoplasm where it initiates caspases activation and results in apoptosis. [27] [28] [29] We have shown by Western blotting and confocal microscopy that CPT treatment causes cytochrome c accumulation in the cytoplasm (Figure 6) . A small amount of cytochrome c is present in the cytoplasmic fraction of the control promastigotes, but cytochrome c is abundant in the cytoplasmic fraction of CPT-treated cells. In addition, treatment of cells with NAC (20 mM), SB (20 mM) and BHT (20 mM) separately prior to CPT treatment prevented cytochrome c release. However, the release of cytochrome c in the cytoplasm is not prevented when cells were pre-incubated with cyclosporin A (5 mM) prior to treatment with CPT. This proves that there is no involvement of a cyclosporin A sensitive permeability transition pore in the collapse of mitochondrial membrane potential. To investigate the role of CED-3/CPP32 group of protease inhibitors in the release of cytochrome c in cytosol, cells were treated with CED-3/ CPP32 group of protease inhibitor (VAD-fmk) before CPT treatment. Our experimental results show that these groups of Many studies have demonstrated that the release of cytochrome c from mitochondria into the cytosol leads to an activation of the caspase cascade. 16 Caspase 3 is a member of CED-3/CPP32 group of proteases and caspase 9 is a member of the ICE family of proteases. To further substantiate the existence of these proteases in L. donovani, we carried out fluorometric assay of both CED3/CPP32 and ICE family of proteases using their specific substrates Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin (DEVD-AFC) and LeuGlu-His-Asp-7-amino-4-methyl coumarin (LEHD-AMC), respectively. The activities were measured in terms of liberation of AFC and AMC from their substrates. A significant increase in the activity of ICE group of proteases was observed after treatment with CPT for 3 h compared to 0.2% DMSO-treated control cells (Figure 7a) . A similar increase in the activity of CED3/CPP32 group of proteases was also observed after 3.5 h treatment with CPT (Figure 7b ). In the presence of specific inhibitor of these proteases (LEHD-CHO for ICE group and DEVD-CHO for CED3/CPP32 group), activities of these enzymes were inhibited.
PARP [poly(ADP ribose) polymerase], an enzyme involved in DNA repair, is a preferential substrate for caspase 3. 30 We determined the extent of PARP cleavage by immunoblot analysis of the PARP cleavage products. Figure 7c shows PARP cleavage in control cells and cells treated with CPT. PARP protein (78 kDa) generates a 63 kDa cleaved fragment upon treatment of cells with CPT for 4.0 h. However, the cleavage of this PARP protein did not occur when cells were pretreated with the CED-3/CPP32 group of protease inhibitor VAD-fmk.
Induction of apoptosis causes the externalization of phosphatidyl serine on the surface of apoptotic cells, 31 which was detected by using annexin V that binds with exposed phosphatidylserine of apoptotic cells in a Ca 2 þ -dependent manner. This was observed in both extracellular promastigotes and intracellular amastigotes in infected cells after treatment with CPT (Figure 7d) . Treatment of promastigote cells with 10 mM protease inhibitor VAD-fmk plus CPT causes disappearance of green rings around their cell membrane. This observation supports that the appearance of PS on outer leaflet apparently requires caspase-like protease activation in leishmanial promastigote cells.
Activation of caspase-like proteases causes fragmentation of genomic DNA
During apoptosis the cleavage patterns of genomic DNA are typical of internucleosomal DNA digestion by an endogenous nuclease, which is considered as a hallmark of apoptotic cell 
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N Sen et al death. 32 CPT-induced formations of DNA ladder patterns are almost as clear as metazoan DNA ladder not only in L. donovani cells but also in L. tropica, L. amazonensis and L. major promastigote cells (Figure 8a ). In the presence of VADfmk, a CED3/CPP32 group of protease inhibitor, there is no DNA ladder formation, even after 10 h of drug treatment in L. donovani promastigotes. This further substantiates that some caspase-like proteases are involved in DNA ladder formation at the last stage of apoptosis of leishmanial cells.
The terminal deoxynucleotidyltransferase enzymemediated dUTP end labeling (TUNEL) assay detects the apoptosis at a single-cell level and thus permits a better evaluation of the apoptotic cell fraction. Control cells containing intact genomic DNA appears red due to staining with PI, whereas a considerable number of apoptotic cells coloured green when cells treated with CPT for 3.5 h and 5 h. Approximately 80% of cells lose condensed nuclei and become TUNEL positive compared to control cells during treatment with CPT. In the presence of VAD-fmk, fragmentation of genomic DNA is inhibited and is not labelled with fluorescein (Figure 8b) .
The cell cycle distribution was analysed by Flow Cytometry following treatment with CPT for different time periods (Figure 8c) . In control cells the G1, S and G2 þ M population remains almost same throughout the experiment. CPT caused L. donovani promastigotes to remain at resting G0/ G1 phase (26%) and inhibits their entry into the S phase. The major alteration in DNA content resulted from the degradation of cellular DNA by the activation of endogenous nucleases during apoptosis. This is confirmed by the percentage of apoptotic cells that is increased to the extent of 58% after 3.5 h treatment with CPT. However, in the presence of VAD-fmk, the number of apoptotic cells decreases significantly to the extent of 4% and almost become same as control.
Discussion
In this study, we show that the leishmanicidal effect of CPT seems to be the consequence of the induction of a PCD both in intracellular amastigotes and extracellular promastigotes form of leishmanial cells. The typical aspect of apoptosis was demonstrated with L. donovani promastigote cells during treatment with 'topo I poison' CPT. Previous studies have shown that CPT treatment promotes stabilization of the cleavable complex with both nuclear as well as kinetoplast DNA. 23 Very little is known about the signalling pathway downstream of the formation of cleavable complex, which ultimately leads to increase in the number of apoptotic cells. In the present study, CPT-induced cytotoxic lesion inside leishmanial cells appears to inhibit the mitochondrial respiration, which is followed by an increase in mitochondrial membrane potential. This result is reminiscent of those of other investigators, who concluded that an early increase in Dc m is a common event in the process of apoptosis in a variety of cells with different proapoptotic stimuli including CPT. [33] [34] [35] We have shown that mitochondrial hyperpolarization in leishmanial cells is prevented by treatment with oligomycin prior to the treatment with CPT. From this result it is confirmed that F 0 -F 1 ATPase-like protein in leishmanial cells plays a very important role in the increase of mitochondrial membrane potential. The role of this protein for the increase in mitochondrial membrane potential is well established in mammalian cells. It is known that mitochondrial membrane hyperpolarization is dependent on the utilization of glycolytic ATP by oligomycin-sensitive F0-F1 ATPase in the reverse mode and at the same time other transporters are also acting in the reverse mode 36, 37 This hyperpolarization has been interpreted as being independent or part of the apoptotic process in mammalian cells. 33, 38 In case of leishmanial cells, mitochondrial hyperpolarization occurred before the increase ) and with CED-3/CPP32 group of protease inhibitor, VAD-fmk prior to treatment with CPT for 3.5 h (IV), respectively. DNA fragmentation was quantified by measuring the sub G0/G1 peak indicated by M1 and G0/G1 peak indicated by M2.Gates were set to assess the percentage of dead (o2n DNA), G0/G1 (2n DNA) and S þ G2 þ n (42n DNA) cells. Pictures are representative of one of three similar results
Programmed cell death in Leishmania donovani N Sen et al in the number of apoptotic cells. This proves that increase in mitochondrial membrane potential is a preapoptotic event during treatment with CPT. But the significance of this event in PCD of leishmanial cells remains unclear. This earlier event is followed by mitochondrial depolarization, which is an irreversible commitment of the cell to apoptosis after administration of several apoptotic stimuli to different cell types.
In the present study, a nonoxidant CPT causes an increase in the level of ROS inside cells, which is responsible for the collapse of mitochondrial membrane potential in leishmanial cells. During 30% inhibition of O 2 consumption, an initial rise of superoxide anion was observed, which consequently leads to an increase in the level of hydroxyl radicals through the generation of H 2 O 2 . Endogenous ROS causes an increase in lipid peroxide levels after 2 h of drug treatment. This increase in the level of lipid peroxidation causes the loss of mitochondrial membrane potential, observed after treatment with CPT for 2.5 h. These results are consistent with those of other investigators, who concluded that lipid peroxidation and oxidative stress together may impair a variety of intra-and extramitochondrial membrane transport systems that may contribute to apoptosis. 28, 38 In mammalian cells, an increase in cellular ROS production has been observed in an apoptotic process triggered by various stimuli, 33, 39, 40 and has been claimed to be responsible for the depolarization of Dc m and subsequent cell death. 33, 39, 41 Furthermore, some authors suggest that ROS generation precedes caspase activation, 33, 38 whereas others claim that it is a consequence. 39 Very few studies have reported a detailed time course for the release of ROS inside cells, which is closely associated with apoptotic cell death. 33 In CPT-mediated PCD of leishmanial cells, it is important to mention that the kinetics of ROS generation has reached maximum before apoptotic cell death. Our result is consistent with sodium fluoride (NaF)-mediated apoptosis of HL-60 cells where the levels of ROS are elevated just after 3 h of exposure whereas the membrane potential is lost after 8 h of drug treatment. 29 One of the most important cellular defences against intracellular oxidative stress is GSH, which plays a critical role in mediating apoptosis in eukaryotes including leishmanial cells. A decrease in GSH level causes an increase in the number of CPT-induced DNA-protein crosslinks, indicating that GSH affects the mechanism of action of CPT. 42 The actual mechanism by which GSH exerts its influence in leishmanial cells is yet to be explored.
CPT induces a concentration-dependent increase in the number of apoptotic cells whose onset is always subsequent to depolarization of Dc m . Collapse in Dc m is closely associated with release of cytochrome c into the cytoplasm of CPT-treated cells. We have also shown that the release of cytochrome c is insensitive to Cyclosporin A (permeability transition pore (PTP) blocker) but treatment with different antioxidants prevents the loss of Dc m and subsequent release of cytochrome c from mitochondria. From this study, it is well established that the loss of Dc m is mainly due to oxidative stress, which leads to the release of cytochrome c from mitochondria. Multiple lines of evidences have established that caspase-like proteases play important roles in the apoptotic cascade of unicellular kinetoplastid parasites after induction of different stimuli. 19, 43 Although very little is known about the total number of caspase-like proteases present in leishmanial cells and of their specificity to cleave the specific substrates, the activation of CED3/CPP32 group of proteases is well established in leishmanial cells. 19 In our study, we show that ICE family of proteases was activated before the activation of CED3/CPP32 group of proteases during treatment with CPT. So the possibility of the presence of caspase 9-and caspase 3-like proteases in leishmanial cells cannot be ruled out. In the presence of CED3/CPP32 group of protease inhibitor (VAD-fmk), known downstream events of caspase 3-like protease activation such as PARP cleavage, DNA fragmentation and PS externalization were prevented, which suggests the involvement of CED3/CPP32 group of protease in apoptosis of leishmanial cells.
In mammalian cells, collisions between progressing DNA replication forks and CPT-mediated formation of cleavable complexes transform DNA nicks into double-strand breaks, which are recognized by the cell as lethal lesions. 44 Such lesions, most likely via induction of tumour suppressor p53 and proapoptotic Bax proteins initiate the apoptotic execution pathway that starts in the mitochondria. In this context, it should be noted that HL-60 cells are p53 negative but induces apoptosis during treatment with CPT through mitochondrial pathway. 45 Along this pathway mitochondrial membrane become permeabilized and cytochrome c is released into the cytosol, where it associates with Apaf-1 to form a scaffold, by which caspase 9 is activated. This in turn activates downstream caspases.
14, 16 The induction of apoptosis in mammalian cells also varies depending on the cell type and strength of CPT. For example, in Jurkat cells 10 mM of CPT for 6 h, 34 in HL-60 cells 5 mM of CPT for 6 h, 45 in U937 cells 10 mM of CPT for 4 h 31 and in HT-29 cells 8 mM of CPT for 24 h 46 are sufficient to induce apoptosis. Compared to mammalian cells, 80% of L. donavani promastigotes show apoptotic cell death at 5 mM of CPT for 6 h. Also, mitochondrial hyperpolarization and ROS formation inside L. donovani promastigotes play significant roles in modulating the response of the parasite to topoisomerase I poison CPT. Like other mammalian systems, the release of cytochrome c, activation of caspase-like proteases and PARP cleavage are common events in PCD of L. donovani promastigote cells. The occurrence of these molecular events provides substantial evidences in support of the fact that the PCD machinery in unicellular organisms like kinetoplastids may have evolved through a process of horizontal gene transfer or evolutionary convergence.
Recently, it was reported that CPT-mediated formations of topoisomerase I-DNA covalent complexes are degraded via 26S proteosome pathway, which is followed by transcription coupled repair to recover the normal cell from death. 47 In contrast, most tumour cells are defective in topoisomerase I degradation and unable to recover from transcriptional arrest. L. donovani is a unicellular protozoan parasite and it undergoes apoptosis-like death during treatment with CPT. This divergent response of the parasite to topoisomerase I poison CPT compared to the host cell response could be exploited to limit their growth and treat the disease they cause. In addition, the molecular characterization of effector molecules like PARP protein, which are critical for CPT-mediated apoptosis of leishmanial cells, provide opportunities for screening and designing of novel therapeutic agents against this parasite.
Materials and Methods

Parasite culture and maintenance
Leishmania strain AG 83 promastigotes were grown at 221C in M199 liquid media supplemented with 10% fetal calf serum. Different species of Leishmania (L. tropica, L. amazonensis and L. major) were also grown under the same culture condition.
Drug solutions
CPT was dissolved in 100% dimetheyl sulphoxide (DMSO) at 20 mM concentration and stored at À201C. SB, Mannitol, NAC and BHT were dissolved in 100% DMSO at 50 mM concentration and stored at À201C.
Culture, differentiation and infection of U937 cells
The human promonocytic cell line U937 was obtained from ATCC (American Type Culture Collection). Cells were cultured in suspension in stationary cell-culture flasks in RPMI 1640 medium (Life Technologies) supplemented with 10% FCS, penicillin and streptomycin at 371C in a humidified atmosphere of 5% CO 2 . Prior to infection with L. donovani, U937 cells were cultured for 18 h in the presence of PMA (10 ng/ml; Sigma), rendering the cells adherent and capable of phagocytosis of L. donovani promastigotes. 48 PMA-differentiated U937 cells were infected with freshly transformed promastigotes of L. donovani at a cell-to-parasite ratio of 1 : 10. After incubation at 371C for the 18 h, noningested parasites were removed by vigorous washing with RPMI three times. The infected macrophages were treated with 2.5 mM CPT and 0.2% DMSO separately for 12 h. 49 
Purification of amastigotes from infected macrophages
Amastigotes were purified from L. donovani-infected U937 cells as described by Chang and Hendricks. 50 Briefly, infected macrophages were harvested and were subjected to a process of freezing in liquid N 2 and subsequent thawing at 371C for five cycles. Then total suspension was centrifuged at 400 Â g for 5 min. The pellet was discarded and the suspension was loaded on percoll gradient to isolate amastigotes from macrophages. 51 The purity was verified under phase contrast microscope.
Cytotoxicity assay
Cytotoxicity of the drug was estimated by microscopic counting of viable parasites by trypan blue exclusion method after treatment with CPT.
Study of dyskinetoplastidy by confocal microscopy
Smears of drug-treated L. donovani AG 83 promastigotes (2.5 Â 10 6 /ml) were assessed for dyskinetoplastic cells by ethidium bromide staining (0.1 mg/ml in 1 Â phosphate-buffered saline containing 10% glycerol). Cells were viewed with a TCS-SP Leica confocal microscope system equipped with a krypton-argon mixed laser.
Study of parasite ultrastructure by TEM
Transmission electron microscopy (TEM) was carried out with both CPTtreated and -untreated cells according to RoyChoudhury et al. 52 Sections were cut with a Du-point diamond knife in an LKB Ultramicrotome, stained on copper grids with uranyl acetate and lead acetate for 10-15 min, respectively, and examined under JEOL 100CX TEM. 53 Measurement of oxygen consumption L. donovani AG83 promastigotes (2.5 Â 10 6 ) were treated with 5 mM CPT for different time periods. Cells were harvested and washed with respiration buffer (50 mM sucrose, 145 mM KCl, 5 mM NaCl, 1 mM EDTA, 1 mM MgCl 2 and 10 mM sodium-phosphate buffer, pH 7.4) and finally suspended in the same buffer. Oxygen uptake was determined with a Clarke type oxi-electrode 54 having a cell capacity of 2 ml. The oxygen electrode was calibrated with air-saturated water containing sodium metabisulphite. Oxygen consumption was completely suppressed by 1 mM KCN and was taken to be a direct measure of mitochondrial respiration.
Measurement of generation of superoxide radical
To monitor the level of superoxide anion, cells of different treated groups along with control cells were washed with 1 Â PBS (pH 7.4) and then suspended in 100 ml of the same buffer. In all, 10 ml of each suspension was added to 1 ml of reaction mixture containing 50 mM sodium carbonate, 50 mM NBT, 0.1 mM EDTA and 0.5% Triton X-100. In a parallel set of reactions, 100 nM SOD was added to each of the reaction mixtures prior to addition of respective cell suspension. The reduction of NBT to blue formazan and the inhibition by SOD indicates the generation of super oxide radical. 25 Spectrophotometric analysis was carried out at 560 nm.
Measurement of hydroxyl radical
The formation of hydroxyl radical in leishmanial cells was measured according to Babbs and Steiner. 55, 56 Briefly, cells (2.5 Â 10 6 ) were suspended in M199 media containing 2% DMSO for 1 h prior to treatment with 5 mM CPT for different time periods. Cells were washed with 1 Â PBS and homogenized. Proteins were precipitated by adding 1 ml of 10 N H 2 SO 4 . After centrifugation, the pH of the supernatant was brought to neutral by adding 10 N NaOH. To this supernatant, 0.2 ml of 10 N H 2 SO 4 was added along with 2 ml of toluene : butanol solution (3 : 1). The mixture was vortexed and centrifuged for 5 min at 500-1000 rpm. The upper layer was discarded and to the lower layer 4 ml of butanol (saturated with 1 N H 2 SO 4 ) was added, vortexed and centrifuged as above. The upper butanol layer was added to sodium-acetate buffer in a separate tube and centrifuged as above. The lower layer was taken and added to fast blue BB salt (40 mM) solution and was kept in the dark for 20 min. Spectrophotometric analysis was carried out at 425 nm.
Measurement of total fluorescent lipid peroxidation product
Treated and untreated cells were pelleted down and washed twice with 1 Â PBS. The pellet was dissolved in 2 ml of 15% SDS-PBS solution. The fluorescence intensities of the total fluorescent lipid peroxidation products were measured with excitation at 360 nm and emission at 430 nm 57 and expressed as relative fluorescence units with respect to quinine sulphate (1 mg/ml in 0.5 M H 2 SO 4 ).
Measurement of GSH level
GSH level was measured by monochlorobimane (MCB) dye that gives a blue fluorescence when bound to glutathione. 58 L. donovani promastiProgrammed cell death in Leishmania donovani N Sen et al gotes (2.5 Â 10 6 cells) were treated with or without CPT at different times. Cells were then pelleted down and lysed by cell lysis buffer according to the manufacturer's protocol (Apo Alertt glutathione assay kit). Cell lysates were incubated with MCB (2 mM) for 3 h at 371C. The decrease in glutathione levels in the extracts of nonapoptotic and apoptotic cells were detected by fluorometer with 395 nm excitation and 480 nm emission wavelengths.
Measurement of mitochondrial membrane potential
Mitochondrial membrane potential was measured using BD mitosensor reagent following the protocol of the manufacturer. Briefly, cells after different treatment were harvested and washed with 1 Â PBS. Cells were then incubated at 371C in 5% CO 2 incubator for 1 h with a final concentration of BD mitosensor reagent at 5 mg/ml. Cells were then analysed by flow-cytometry as well as by fluorescence measurements. The ratio of the reading at 590 nm to the reading at 530 nm (590 : 530 ratio) was considered as the relative Dc m value. 18 Detection of cytochrome c release
Western blotting
Treated and untreated cells were harvested and washed twice with 1 Â PBS, suspended in cell fractionation buffer (Apo Alertt cell fractionation kit) and homogenized. After the separation of cytosolic and mitochondrial fraction, 50 mg each of cytosolic proteins were separated on 12% SDS-PAGE and immunoblotted with the rabbit polyclonal cytochrome c antibody. The same amounts of cytosolic fractions (50 mg) were also immunoblotted with rabbit polyclonal antibody raised against L. donovani adenosine kinase and cytochrome c oxidase subunit IV (COX IV) as loading controls. Alkaline phosphatase conjugated secondary antibody was used and protein band were visualized by NBT and BCIP colour reaction.
Immunofluorescence microscopy
Treated and untreated cells were fixed on Poly-L-Lysine-coated coverslips. Cells were then washed twice with 1 Â PBS, followed by permeabilization in 0.2% (V/V) Triton X-100 in PBS for 15 min at 41C. Cells were incubated in blocking buffer (3% BSA in PBS) for 90 min at 41C. Rabbit polyclonal cytochrome c antibody (diluted 1/100 in blocking buffer) was added to these cells. FITC conjugated secondary antibody was used to visualize the release of cytochrome c by TCS-SP Leica confocal microscopy.
Determination of caspase-like protease activity L. donovani promastigotes (2.5 Â 10 6 ) were treated with or without CPT for different time periods. Cells were then pelleted and lysed by cell lysis buffer according to the manufacturer's protocol (Apo Alertt caspase assay kit). Cell lysates were incubated with respective caspase buffers to detect CED3/CPP32 and ICE group of protease activities. Individual fluorogenic peptide substrates (DEVD-AFC for CED3/CPP32 and LEHD-AMC for ICE group of proteases) at 100 mM and 1 Â reaction buffer containing 100 mM DTT were added to corresponding cell lysates. In a parallel set of reactions, 1 ml of respective ICE and CED-3/CPP32 group of protease inhibitors was added to the reaction prior to the addition of cell lysates. AFC and AMC release were measured after incubating these samples at 371C for 2 h by a fluorometer with 400 nm excitation and 500 nm emission and 380 nm excitation and 460 nm emission, respectively.
Double staining with annexin V and propidium iodide
Externalization of phosphatidylserine on the outer membrane of untreated and CPT-treated promastigotes was measured by the binding of annexin V-FITC and PI using an annexin V-FLUOS staining kit (Roche Diagnostics). Cells were visualized with TCS-SP Leica confocal microscope through dual FITC/PI filter set. To evaluate the CPT-induced apoptosis of amastigotes in infected U937 cells, cells were infected with L. donovani promastigotes and treated with CPT. Amastigotes were purified from infected cells and stained with annexin V and PI as before. Total cells versus only annexin V labelled cells were calculated and data were expressed as percentage of apoptotic cells. It should be noted that 100 cells per group with identical morphology were calculated for each condition.
Assay of PARP cleavage
Cell lysates were prepared from CPT-treated and untreated cells, separated on 12.5% SDS-PAGE and subjected to Western blot analysis as described previously. Anti-PARP monoclonal antibody (purified mouse anti-human PARP) was diluted to 1000 times and alkaline phosphatase conjugated secondary antibody was used to visualize the reactive band by NBT and BCIP colour reaction.
DNA ladder
Genomic DNAs from exponentially growing L. amazonensis, L. tropica, L. major and L. donovani AG83 promastigotes (2.5 Â 10 6 ) treated with or without CPT were isolated with an apoptotic DNA ladder kit (Roche Biochemicals). In another set, L. donovani promastigote cells were incubated with 10 mM VAD-fmk, a CED3/CPP32 group of protease inhibitor for 1 h followed by treatment with 5 mM CPT for 4 and 6 h. DNAs were electrophoresed in 1.5% agarose gel at 75 V for 2 h, stained with ethidium bromide and photographed under UV-illumination.
TUNEL assay
To know the alterations in DNA content in the nucleus, treated and untreated L. donovani promastigote cells were fixed with 2% paraformaldehyde and incubated with 0.2% Triton X-100 for 5 min for permeabilization and layered with TdT reaction mixture containing FITClabelled dUTP for 1 h at 371C according to the manufacturer's protocol (Apo Alertt DNA fragmentation assay kit). Cells were stained with propidium iodide and visualized with TCS-SP Leica confocal microscope through dual pass FITC/PI filter set.
Cell cycle analysis
For flow cytometry analysis of DNA content, exponentially grown L. donovani promastigote cells (2.6 Â 10 6 ) were treated with 5 mM CPT in the presence or absence of CED-3/CPP32 group of protease inhibitor (VADfmk). Cells were then harvested and washed three times with 1 Â PBS, fixed in 45% ethanol (diluted in 1 Â PBS), treated with 500 mg/ml RNAse A and then suspended in 0.5 M sodium citrate containing 69 mM PI. These samples were analysed through flow cytometry after keeping them in the dark for 45 min.
